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Abstract: 
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Purpose:  To investigate whether diurnal variation occurs in retinal thickness 
measures derived from spectral domain optical coherence tomography (SD-OCT). 
Methods:  Twelve healthy adult subjects had retinal thickness measured with SD-
OCT every 2 hours over a 10 hour period.  At each measurement session, 3 average 
B-scan images were derived from a series of multiple B-scans (each from a 5 mm 
horizontal raster scan along the fovea, containing 1500 A-scans/B-scan) and 
analysed to determine the thickness of the total retina, as well as the thickness of the 
outer retinal layers.  Average thickness values were calculated at the foveal center, 
the 0.5 mm diameter foveal region, and for the temporal parafovea (1.5 mm from 
foveal center) and nasal parafovea (1.5 mm from foveal center).  
Results:  Total retinal thickness did not exhibit significant diurnal variation in any of 
the considered retinal regions (p>0.05).  Evidence of significant diurnal variation was 
found in the thickness of the outer retinal layers (p<0.05), with the most prominent 
changes observed in the photoreceptor layers at the foveal center.  The 
photoreceptor inner and outer segment layer thickness exhibited mean amplitude 
(peak to trough) of daily change of 7 ± 3 µm at the foveal center.  The peak in 
thickness was typically observed at the third measurement session (mean 
measurement time 13:06).  
Conclusions:  The total retinal thickness measured with SD-OCT does not exhibit 
evidence of significant variation over the course of the day.  However, small but 
significant diurnal variation occurs in the thickness of the foveal outer retinal layers. 
Keywords:  Retina, Imaging, Optical Coherence Tomography, Diurnal Variation, 
Photoreceptor. 
Diurnal variations occur in many normal retinal physiological processes.  Circadian 
rhythms in photoreceptor disc shedding,1 melatonin synthesis,2 retinal activity,3-5 and 
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neurotransmitter release6,7 have been observed in both non-mammalian and 
mammalian (including human) retinas.  Although these diurnal rhythms in retinal 
physiological processes have been well studied, whether the normal retina 
undergoes variations in its dimensions over the course of the day is less well known. 
 
Since its first description in the early 1990s,8 the technique of optical coherence 
tomography (OCT) has gained increased use for the in-vivo imaging and 
measurement of the retina.  This technique allows reliable in-vivo measurements of 
retinal thickness to be undertaken9 and is now commonly used in research and 
clinical practice.  The recent development of spectral domain OCT (SD-OCT) 
instruments, has led to substantial improvements in scanning speeds, and image 
resolution, which allows the visualization of individual intra-retinal layers and the 
subsequent measurement of highly detailed retinal biometric information.10,11  
Assessment of intra-retinal details such as the inner and outer segment of the 
photoreceptors12,13 and the external limiting membrane,13,14  has recently led to a 
number of insights into the retinal changes associated with various pathological 
processes.   
 
Although retinal thickness measures obtained with SD-OCT have been shown to be 
highly precise15 the presence of significant diurnal variation in these measures is 
unclear.  Knowledge of the presence of significant diurnal variations in retinal 
thickness is important for the reliable interpretation of clinical and research results, 
particularly when changes over time are being monitored.  However, there have 
been only a limited number of investigations of diurnal variations in retinal thickness 
of the normal population.   
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Although a number of studies have reported upon the presence of diurnal variation in 
retinal thickness, associated with retinal pathology,16-21 only a small number of 
studies have investigated  the diurnal variation of retinal thickness in the normal 
population using time domain OCT,17,18 and there is only one recent report in the 
literature that has utilised SD-OCT.22  Jo et al22 investigated diurnal variation in total 
retinal thickness with both time domain and SD-OCT, based upon data collected at 
two time points (8am and 6pm).  As total retinal thickness derived from SD-OCT did 
not exhibit significant differences between measurements collected at 8am and 6pm, 
it was concluded that retinal thickness did not undergo significant diurnal variation.  
However this finding does leave open the possibility that intra-retinal thickness 
measures could undergo significant diurnal variation, or that significant variation 
could occur at other time points throughout the day.  
 
In the current study we aimed to investigate whether retinal thickness measures 
undergo significant variation over the course of the day in normal subjects.  Detailed 
foveal retinal thickness measurements (including measures of intra-retinal layer 
thickness) were assessed every 2 hours over a 10 hour period (6 measurement 
sessions in total), using a high resolution commercially available SD-OCT 
instrument.  
 
Methods: 
Twelve healthy adult subjects (mean age ± SD 35 ± 9 years, range 26 to 54 years) 
participated in this study.  All subjects were free of any ocular or systemic disease, 
and had no history of any significant ocular injury or surgery.  Approval from the 
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University human research ethics committee was obtained prior to commencement 
of the study. All subjects were treated in accordance with the tenets of the 
Declaration of Helsinki and gave written informed consent to participate. 
 
Prior to participation, all subjects underwent an ophthalmic examination to confirm 
their refractive and visual status and to ensure normal ocular health.  The 
participants exhibited a range of refractive errors, with a mean ± SD spherical 
equivalent refraction in their left eye of -0.76 ± 1.31 DS (range -4.50 to +0.375), and 
mean cylindrical refraction of -0.54 ± 0.37 (range -1.25 to 0.00).  All subjects had 
best corrected visual acuity of logMAR 0.00 or better.  No subject exhibited evidence 
of amblyopia or anisometropia of >0.50 DS. 
 
Each subject then had the diurnal variation in the retinal thickness evaluated using 
SD-OCT with measurements on the left eye only, collected every 2 hours over a 10 
hour period (i.e. 6 measurement sessions over a 10 hour period).  The first 
measurement was collected at approximately 09:00 am (mean measurement time 
09:01 ± 0:13) and the final measurement at approximately 19:00 pm (mean 
measurement time 19:07 ± 0:12).   All retinal measurements were performed using 
the Copernicus SOCT HR (Optopol Technology SA, Zawiercie, Poland) instrument.  
This instrument is a SD-OCT device that utilizes a super-luminescent diode light 
source with center wavelength of 850nm (bandwidth 100 nm).  It has an axial 
resolution of 3 µm in retinal tissue, a transverse resolution of 12-18 µm and a 
scanning speed of 52,000 A-scans per second.  At each of the measurement 
sessions three retinal scans were performed using the instrument’s ‘animation’ scan 
mode, which allows the capture of multiple B-scans from the same retinal location in 
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a single acquisition.   Three repeated measurements were performed at each  of the 
6 measurement sessions, with each measurement consisting of 30 horizontal raster 
B-scans centered on the fovea (with each of the 30 B-scans consisting of 1500 A-
scans with an acquisition time of 1.14 sec).  The instrument was realigned and 
refocussed between each of the individual measurements at each session. The 
capture of multiple B-scans at each session allowed the subsequent registration and 
averaging of the B-scans to be performed in order to reduce speckle noise and 
optimise the visibility of the intra-retinal layers in each scan.23  Only OCT scans with 
an average image quality index of >4 were included, as per manufacturer 
instructions (average ± SD quality index from all measurements was 6.3 ± 1.4). 
 
Given that the transverse resolution of OCT images can be influenced by changes in 
the axial length of the eye,24 each subject’s axial length (defined as the distance from 
the anterior cornea to the retinal pigment epithelium along the line of sight) was also 
measured at each of the measurement sessions, with the Lenstar LS 900 Optical 
biometer (Haag Streit AG, Koeniz, Switzerland).  At each session, 5 repeated 
measurements of axial length were collected. 
Following data collection, the OCT data for each subject were exported from the 
instrument for further analysis using custom written software (Figure 1), developed in 
MATLAB (v7.10, Mathworks, Natick, MA).  An image registration and alignment 
technique was applied to each set of 30 consecutive B-scans collected at each 
measurement session, providing an averaged OCT image. For this analysis a 
translation type motion model was assumed between B-scans (i.e. vertical and 
horizontal directions of B-scan movement). This motion model has proven to provide 
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good results and to be computationally efficient.23 The registration and alignment 
technique uses a mutual information metric25 to search for the motion parameters 
that maximize the similarity between consecutive OCT images. Once all the images 
are aligned, potential outliers are filtered to obtain the subset of optimal images. This 
filtering stage calculates the median of the 30 aligned images as a reference and 
estimates the root mean squared error (RMSE) of each image from this reference. If 
the range of the RMSE values for all of the images exceeds an empirically defined 
threshold, then a K-means iterative clustering procedure26 is used. This clustering 
procedure separates the RMSE array into two groups. The subset with the higher 
RMSE is excluded from further analysis. Using the final filtered set of B-scans an 
average horizontal foveal B-scan image for each measurement was calculated (each 
average image contained a mean ± SD of 22 ± 6 B-scans).  Due to the characteristic 
morphology of the foveal region, a poorly positioned scan (due to excessive eye 
movements during scan acquisition) results in an obvious ‘ghosting’ at the foveal pit 
in the average image.  As a final check, each average image was also examined 
manually in order to ensure the final image did not exhibit any ghosting. 
To confirm any variability in scan positioning for both within and between 
measurement sessions, the presence of a prominent feature (e.g. a retinal capillary) 
in each averaged B-scan image was determined.  For each subject, if any image 
from any session did not contain this common feature, then it was assumed to be 
indicative of poor scan positioning for that measurement, and this image was 
subsequently excluded from analysis.  Only 5 out of the total of 216 images were 
excluded.  Additionally, the location of the prominent feature with respect to foveal 
center was also determined for each image.  The average within-session standard 
deviation of the retinal feature location was 13 µm, and average between-session 
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standard deviation was 14 µm.  Repeated measures ANOVA also revealed that the 
mean location of the retinal feature did not change significantly over time.  These 
results indicate that there was only a small degree of variability in scan position both 
within- and between-sessions in the study and that any changes were not 
systematic. 
 
Each averaged OCT image was then analysed to determine a range of retinal 
thickness measures (Figure 1).  Firstly the retinal layers were segmented using a 
manual procedure carried out by an experienced observer who was masked as to 
the time of day that the image was collected.    We used an approach similar to a 
previously described manual segmentation technique.27  Briefly, this analysis 
procedure involved the observer locating a number of points with the screen cursor 
(i.e. mouse ‘clicks’), along a series of boundaries within each of the averaged OCT 
images.  The boundaries that were defined included: the outer boundary of the 
retinal pigment epithelium (RPE), the inner boundary of the hyper-reflective band 
anterior to the RPE complex (typically referred to as the photoreceptor inner 
segment/outer segment junction or IS/OS), the inner boundary of the hyper-reflective 
band anterior to the IS/OS band (the external limiting membrane or ELM) and the 
inner boundary of the inner limiting membrane (ILM).  The software then fits a 
smooth function (a quadratic function for the RPE and a series of spline fits for the 
other layers) between the points (10 points for the RPE and 16 points for the other 
layers) along each of the boundaries to define each of the retinal layers. To confirm 
that the number of points used in this manual segmentation procedure were 
sufficient to characterise the retinal boundaries, for 5 images we fit the ILM and RPE 
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with a substantially larger number of points (32 and 20 respectively) and compared 
the curves fit to the ILM and RPE with a 16 and 10 point curve fit.  For these 5 
images, the average RMS fit error between a 16 and a 32 point curve fit to the ILM 
was only 1.30 pixels (2.55 µm), and between a 10 and 20 point curve fit to the RPE 
was only 1.01 pixels (1.98 µm). 
 
Based upon this manual segmentation, a range of retinal thickness values were 
derived.  Firstly the distance from the ILM to the RPE, referred to as “total retinal” 
thickness, was measured.  Given that the integrity of the photoreceptor layers have 
been noted to be important factors associated with a range of retinal diseases,12-14 
we also defined two different intra-retinal thickness values, associated with these 
outer retinal features.  These included: the distance from the RPE to the IS/OS, 
referred to as “outer segment+” thickness (as it reflects primarily the thickness of the 
photoreceptor outer segment plus the RPE), and the distance from the RPE to the 
ELM, referred to as “inner+outer segment+” thickness (as it reflects the thickness of 
the inner and outer segments of the photoreceptors plus the RPE).  The average 
retinal thickness for each of these layers across the central 3 mm of the scan was 
defined for four different retinal regions: the foveal center, the central 0.5 mm foveal 
region, the temporal parafoveal region (extending from the temporal edge of the 
foveal region to 1.5 mm temporally from foveal center) and the nasal parafoveal 
region (extending from the nasal edge of the foveal region to 1.5mm nasally from 
foveal center).  The foveal center was defined as the point within the foveal region 
where the IS/OS exhibited its peak in thickness.  To provide an additional measure 
of the foveal morphology, each subject’s total retinal thickness data were analysed 
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using an automated procedure, to determine the magnitude and location of the 
maximal retinal thickness either side of the center of the foveal pit, in order to 
determine the foveal pit depth and diameter, as defined by Tick et al 2011.28 
 
Although previous studies have shown a high level of reliability associated with 
similar manual segmentation procedures of SD-OCT images,27 to provide an 
assessment of the within-observer repeatability of our manual segmentation 
procedure, we had the observer perform this manual segmentation three times on 
one averaged OCT image from each of the 12 subjects.  The mean within-observer 
standard deviation for this repeated analysis of retinal thickness was defined for the 
foveal center, foveal region, temporal parafovea and nasal parafovea.  Additionally, 
to provide an assessment of the within-session repeatability of the various retinal 
thickness measures, the mean within-subject standard deviation (derived from the 3 
measures from each subject at each session, across all measurements sessions for 
all subjects) was also calculated for each of the retinal thickness measures.   
Following the determination of the retinal thickness values for each subject for each 
measurement session, a repeated measures analysis of variance (ANOVA) was 
carried out with two within-subject factors (time of measurement and retinal region) 
to investigate for any significant diurnal variation in each of the retinal thickness 
measures.  This analysis treats both time and retinal region as categorical variables.  
Whilst it was not logistically possible to collect each subjects measurements at the 
exact same time of day, the between-subject variation in measurement time at each 
session (the between-subjects standard deviation of the mean measurement time at 
each session, was 13 minutes), was substantially smaller than the time between 
each measurement session (i.e. 120 minutes).   
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Results: 
The repeatability of the manual segmentation method, for both the ‘within-observer’ 
(i.e. the mean repeatability of the analysis of a single OCT image 3 times), and the 
‘within-session’ (i.e. the mean repeatability of analysis of the 3 OCT images collected 
for each subject at each measurement session) are displayed in Table 1.  The 
precision of the retinal thickness measurements was generally high, both within the 
observer (i.e. the precision of the manual segmentation procedure), and within the 
session (i.e. the precision of the manual segmentation procedure and the instrument 
precision), as evidenced by the within-observer and the within-session SDs typically 
ranging from 1-3 µm. 
The average retinal thickness derived from the mean of all 6 measurement sessions 
in each of the retinal regions, for each of the considered retinal layers is displayed in 
Table 2.  Each of the layers was found to exhibit a significant difference in mean 
thickness as a function of the retinal region measured (repeated measures ANOVA, 
p<0.0001 for all layers).  For the total retinal thickness, the central foveal point region 
exhibited the smallest average thickness (228.4 ± 21.7 µm), and the nasal parafovea 
displayed the greatest thickness (341.8 ± 17.0 µm).  For both the photoreceptor+ and 
the outer segment+ thickness, the nasal and temporal parafovea were the thinnest 
regions (with no significant difference between nasal and temporal regions, p>0.05), 
and the foveal center was the thickest.  The mean ± SD foveal pit depth and foveal 
pit diameter were 124.0 ± 26.1 µm and 2.15 ± 0.27 mm respectively.  Neither foveal 
pit depth nor foveal pit diameter were found to undergo significant diurnal variation 
over the course of the study (p>0.05). 
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The average amplitude of diurnal change (i.e. the mean difference between the 
maximum and minimum thickness over the course of the day) in each of the retinal 
thickness values, along with the results from the repeated measures ANOVA for the 
within-subjects effect of time and the time by retinal region interaction are displayed 
in Table 3.  Although some small magnitude changes were observed, the total retinal 
thickness did not show evidence of significant diurnal variation over the course of the 
day (i.e. the repeated measures ANOVA revealed no significant effect of time and no 
significant time by retinal region interaction, both p>0.05).   
The inner+outer segment+ thickness did exhibit evidence of significant diurnal 
variation in some of the measured retinal regions (Figure 2), as evidenced by a 
significant time by retinal region interaction (p<0.001).  The largest magnitude of 
variation was observed in the foveal center (mean amplitude of change 7.1 ± 2.8 
µm).  The peak in inner+outer segment+ thickness was typically observed at the third 
measurement session (mean measurement time 13:06).  Bonferroni adjusted, 
pairwise comparisons revealed that the inner+outer segment+ thickness in the foveal 
center at the third measurement session (i.e. at the average peak) was significantly 
larger (p<0.05) than the inner+outer segment+ thickness at the second (mean 
difference 3.4 µm, p<0.05) and at the fourth (mean difference 2.9 µm, p<0.01) 
measurement sessions.  Although similar trends were observed in the foveal region, 
pairwise comparisons for the other retinal regions revealed no significant differences 
(p>0.05 for all comparisons) between the inner+outer segment+ thickness at the peak 
time (third measurement session) and the other sessions.   
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The outer segment+ thickness also exhibited a significant time by retinal region 
interaction (p = 0.01), again indicating significant diurnal variation in some of the 
measured retinal regions (Figure 3).  Similar to the inner+outer segment+ thickness, 
the foveal center outer segment+ thickness exhibited the largest magnitude of 
change (mean amplitude of diurnal change 5.9 ± 2.2 µm), and the peak in thickness 
typically occurred at the third measurement session.  Bonferroni adjusted, pairwise 
comparisons revealed that for the foveal center, the outer segment+ thickness at the 
third measurement session was significantly greater than the thickness at the second 
(mean difference 2.8 µm  p<0.01) and fifth (mean difference 1.8 µm, p<0.05) 
measurement session.   For the foveal region, the peak in thickness at the third 
session was significantly greater than the thickness at the fifth session (mean 
difference 1.1 µm, p<0.05).  There were no significant differences in the outer 
segment+ thickness in the nasal or temporal parafoveal regions observed over the 
course of the day.  It is evident from Figures 2 and 3 that the changes in thickness in 
the inner+outer segment+ and the changes in the outer segment+ thickness followed 
a similar pattern of change, with a slightly smaller amplitude of change in the outer 
segment+ thickness measures compared to the inner+outer segment+. 
 
The mean axial length in our population at baseline was 24.06 ± 0.72 mm (range 
25.21-22.97 mm).  Axial length also underwent a small but statistically significant 
diurnal variation (p<0.01), with a mean amplitude (peak to trough) of change of 20 ± 
8 µm.  On average, the longest axial length was observed at the third measurement 
session, and the shortest axial length at the final measurement session of the day 
(Figure 4)   Analysis of covariance revealed no significant association between the 
changes in axial length and the changes in any of the retinal parameters (p>0.05). 
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Discussion: 
We have investigated the diurnal variation of retinal thickness using a high resolution 
commercially available SD-OCT system.  Measurements of the total retinal thickness 
showed only small variations over the course of the day that were not statistically 
significant, which is consistent with previous studies of diurnal variation in retinal 
thickness using either time domain17,18 or SD-OCT.22  Our findings suggest that for 
the majority of current clinical applications, retinal thickness measurements should 
not be confounded by diurnal variations.    
 
However, we also analysed the outer retinal morphology in each of our scans and 
revealed that there were small magnitude, statistically significant changes occurring 
in the thickness of the foveal outer retinal layers over the course of the day.  With the 
more widespread use of SD-OCT in clinical practice, and the recent reports that the 
integrity of retinal features such as the IS/OS12,13 junction and the ELM13,14 are 
important prognostic factors for vision outcomes in macula disease, it may become 
increasingly more common to assess the thickness of these outer retinal layers in 
research and clinical practice.   
 
The diurnal changes that we observed in the outer retinal layers were most 
prominent in the foveal center, and appeared to be due to changes in both the inner 
segment and outer segment of the photoreceptor layers.  Although further research 
is required to determine the underlying mechanism of the changes we have 
observed, it is likely that the changes represent physiological processes occurring in 
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the cone photoreceptors (and/or the adjacent RPE) over the course of the day.  It is 
well documented through research using histological techniques that the cone outer 
segment discs undergo significant changes over the course of the day.29,30  The 
outer segment discs are thought to be in a state of dynamic equilibrium, with new 
discs continually produced throughout the day, and older discs periodically shed 
from the distal end of the photoreceptor into the RPE.29,30  Evidence suggests that 
the shedding of cone photoreceptor discs occurs both in dark and light periods of the 
day.30  These changes could at least in part be responsible for some of the outer 
segment changes we have observed.  Two recent studies,31,32 utilising custom built 
ultra-high resolution retinal imaging systems that allow the imaging of individual 
photoreceptors have revealed changes in the position of photoreceptor structures in 
the retina of the order of a few microns over a number of hours that appear to be 
indicative of in-vivo cone photoreceptor renewal in human subjects.   Jonnal et al31 
reported an elongation of the cone outer segment (imaged at a location 1.8 degrees 
from foveal center) to occur throughout the course of the day in 3 subjects.  The 
magnitude of the change that we observed however is of slightly larger magnitude 
than that reported in these studies.  Although cone outer segment disc renewal could 
potentially be contributing to the changes we have observed, other factors could also 
potentially be involved.   
 
The series of measurements in this experiment involved periodic measurements 
between 9am and 7pm, which was designed to allow an assessment of the potential 
impact any diurnal variations would have on normal clinical retinal measures.  
However, future research involving measurements across the entire 24 hours are 
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required to provide a more comprehensive assessment of the pattern of the diurnal 
variation in outer retinal morphology that we have observed. 
 
In our population of subjects, axial length was also found to undergo a small but 
statistically significant diurnal variation, with the peak in axial length typically 
observed near the middle of the day.  These findings are consistent with previous 
work examining diurnal variations in axial length.33,34  Although the peak timing of the 
axial length variations was similar to some of the retinal parameters, there was no 
significant association found between the retinal changes and the changes in axial 
length.  Variations in axial length can lead to changes in transverse scan 
dimensions,24 however the magnitude of diurnal variation in axial length (mean 
amplitude of 20 µm) does not appear large enough to result in a substantial change 
in scan dimensions or foveal diameter (a 20µm change in axial length would be 
expected to only result in approximately an 0.08% change in lateral scan 
dimensions).  Another potential confounding factor in this study is variability in scan 
positioning.  However our analysis of feature locations in each image suggests that 
variability in scan positioning was small and did not systematically change across the 
course of the study.  Due to the characteristic morphology of the foveal pit, variations 
in scan positioning would also be expected to lead to significant changes in foveal pit 
dimensions (i.e. scans not centered on the fovea would be expected to have a 
shallower and smaller diameter foveal pit).  However foveal pit dimensions also did 
not show evidence of significant change.  Collectively these results suggest that 
variations in scan positioning are unlikely to have substantially influenced our results. 
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In our OCT measurements, we used a scanning protocol that took multiple B-scans 
from a single retinal location (a horizontal raster scan centered on the fovea).  Whilst 
this methodology allowed us to reliably define the outer retinal morphology in each of 
our scans, this approach does compromise the spatial retinal coverage of each 
measurement in order to optimise the image quality of the single raster scan.  It 
should be noted therefore that our results are only representative of the diurnal 
variation occurring within a horizontal scan through the fovea.  Previous research 
that has mapped the outer retinal morphology in the foveal region using 3-D 
scanning protocols with ultra-high resolution OCTs has noted relatively symmetric 
variations in the average retinal thickness and outer retinal morphology across 
different meridians.11  It is therefore likely that similar results would be found for other 
retinal meridians.  However, we did note some regional differences in the changes in 
the outer retinal layers (where more prominent changes were observed in the foveal 
center compared to other areas), so it remains a possibility that further regional 
differences in diurnal change could be found by future research employing 3-D 
mapping of the outer retinal layers across the foveal region. 
 
Prominent diurnal variations in total retinal thickness have been reported in patients 
with a range of retinal pathologies using time domain OCT.16-21  Therefore, the 
investigation of diurnal variations in intra-retinal layer thickness utilising SD-OCT 
may be a research area worthy of future investigation, to more comprehensively 
characterise the origins of these diurnal changes within the retina in cases of 
pathology. 
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In conclusion, we have shown that small, but significant changes occur in outer 
retinal layers over the course of the day, and they are most prominently observed at 
the foveal center. These changes may represent the occurrence of diurnally varying 
physiological processes in the cone photoreceptors. 
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Figure 1:  Illustration of the analysis carried out on each measurement collected at 
each session.  Following the capture of an individual measurement (consisting of 30 
foveal raster B-Scans), by the OCT instrument (top left), custom written software was 
used to automatically register  and align the B scan images to create an average B-
scan image from each measurement session (top right), this averaged B-scan was 
then analysed by an independent, experienced masked observer to manually 
segment 4 retinal layers (the retinal pigment epithelium [RPE], the junction of the 
inner segment and outer segment of the photoreceptors [IS/OS], the external limiting 
membrane (ELM) and the internal limiting membrane (ILM) of the central 3 mm of 
the scan (bottom left), the average thickness of the total retina (ILM to RPE), the 
inner+outer segment+ thickness (ELM to RPE) and outer segment+ (IS/OS to 
RPE)outer segment, was then calculated for the foveal center, the 0.5 mm diameter 
foveal region, the temporal parafoveal region (extending from the temporal edge of 
the foveal region to 1.5 mm temporally from foveal center) and the nasal parafoveal 
region (extending from the nasal edge of the foveal region to 1.5mm nasally from 
foveal center) (bottom right). 
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Figure 2:  Diurnal change in the inner+outer segment+ thickness (ELM to RPE) 
(normalised to the mean) in the four considered retinal regions.  Error bars represent 
the standard error of the mean change in inner+outer segment+ thickness. 
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Figure 3:  Diurnal change in outer segment+ thickness (IS/OS to RPE) (normalised 
to the mean) in the four considered retinal regions.  Error bars represent the 
standard error of the mean change in outer segment+ thickness. 
 
28 
 
 
Figure 4:  Diurnal change in axial length (normalised to the mean).  Error bars 
represent the standard error of the mean change in axial length  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLES: 
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Table 1:  Repeatability of the manual segmentation procedure.  Average ‘within-
observer’ standard deviation (SD) derived from repeated (3) analysis of a single 
average OCT image from each subject, and ‘within-session’ SD derived from 
analysis of 3 consecutive OCT average images from each subject from each of the 6 
measurement sessions is displayed.  
 
 Average SD (µm) 
Foveal 
Center 
Foveal 
Region 
Temporal 
Parafovea 
Nasal 
Parafovea 
Total retina Within-observer 0.3 1.2 1.6 1.3 
Within-session 0.7 1.5 2.5 2.2 
Inner+outer 
segment+ 
Within-observer 1.6 1.2 1.5 1.2 
Within-session 3.0 2.4 2.3 2.4 
Outer 
segment+ 
Within-observer 1.3 1.0 1.3 1.1 
Within-session 3.0 2.3 2.2 2.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2:  Average retinal thickness from all 6 of the measurement sessions in each 
of the four considered retinal regions.  Repeated measures ANOVA revealed a 
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significant difference in retinal thickness with region for all of the considered retinal 
layers (p <0.001). 
 
 Mean ± SD Thickness (µm) 
Foveal center Foveal region Temporal 
Parafovea 
Nasal Parafovea 
Total retina 228.4 ± 21.7 243.2 ± 21.9 322.9 ± 15.4 341.9 ± 17.0 
Inner+outer segment + 105.9 ± 4.0 99.6 ± 3.2 86.7 ± 2.7 87.1 ± 2.7 
Outer segment+ 77.3 ± 4.4 70.7 ± 3.6 60.6 ± 3.1 60.9 ± 3.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3:  Average amplitude of diurnal change (difference between maximum and 
minimum retinal thickness) in each of the retinal thickness measures, in each of the 
considered retinal regions.  P-values are from the repeated measures ANOVA for 
the within-subject effect of time and time by retinal region interaction. 
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 Mean ± SD Diurnal amplitude of change (µm) P-Values 
Foveal 
center 
Foveal 
region 
Temporal 
Parafovea 
Nasal 
Parafovea 
Time Time by 
Region 
Total retina 
 
4.8 ± 1.9 4.9 ± 1.7 5.3 ± 1.4 5.2 ± 1.4 0.29 0.45 
Inner+outer 
segment+ 
7.2 ± 2.7 5.0 ± 2.0 4.0 ± 1.5 4.3 ± 1.1 0.07 <0.001 
Outer segment+ 
 
6.0 ± 2.2 4.4 ± 1.2 3.8 ± 1.3 3.8 ± 1.3 0.18 <0.01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
